Bipolar disorder (BD) is highly heritable. Thus, studies in first-degree relatives of individuals with BD could lead to the discovery of objective risk markers of BD. Abnormalities in white matter structure reported in at-risk individuals could play an important role in the pathophysiology of BD. Due to the lack of studies with other at-risk offspring, however, it remains unclear whether such abnormalities reflect BD-specific or generic risk markers for future psychopathology. Using a tract-profile approach, we examined 18 major white matter tracts in 38 offspring of BD parents, 36 offspring of comparison parents with non-BD psychopathology (depression, attention-deficit/hyperactivity disorder), and 41 offspring of healthy parents. Both at-risk groups showed significantly lower fractional anisotropy (FA) in left-sided tracts (cingulum, inferior longitudinal fasciculus, forceps minor), and significantly greater FA in right-sided tracts (uncinate fasciculus and inferior longitudinal fasciculus), relative to offspring of healthy parents (P < 0.05). These abnormalities were present in both healthy and affected youth in at-risk groups. Only offspring (particularly healthy offspring) of BD parents showed lower FA in the right superior longitudinal fasciculus relative to healthy offspring of healthy parents (P < 0.05). We show, for the first time, important similarities, and some differences, in white matter structure between offspring of BD and offspring of non-BD parents. Findings suggest that lower left-sided and higher right-sided FA in tracts important for emotional regulation may represent markers of risk for general, rather than BD-specific, psychopathology. Lower FA in the right superior longitudinal fasciculus may protect against development of BD in offspring of BD parents.
INTRODUCTION
Bipolar disorder (BD) is highly heritable and a leading cause of morbidity worldwide [1] . The identification of risk markers is critical to improve early diagnosis. First-degree relatives, including offspring of bipolar parents (OBP), are at higher risk for mood disorders, than offspring of healthy parents (OHP), and offspring of comparison parents (OCP) with non-BD psychopathology (e.g., depression, attention-deficit/hyperactivity disorder) [2] [3] [4] [5] . Several factors could explain the variation in reported rates of BD onset in studies of BD offspring, including differences in age range, sample size, diagnostic criteria, and study design (i.e., longitudinal vs retrospective self-reports). Longitudinal studies in OBP indicate that children with two parents with BD are at higher risk (up to 30%) for BD than those having one parent with BD (10.6-19.2%) and OHP (0.6-2%) [2] [3] [4] [5] . One study, using retrospective self-reports in 1861 OCP, reported estimates of BD onset in 12% of OCP before age 25 [6] . Abnormalities in neural functioning and structure most likely mediate the relationship between familial risk and onset of BD, but it remains unclear which pathophysiologic mechanisms predispose to or protect against the illness onset.
Neuroimaging studies in BD report functional abnormalities across emotion processing, emotion regulation, and reward circuitries [7] . Lower fractional anisotropy(FA), reflecting lower fiber collinearity, has been consistently reported in white matter tracts connecting prefrontal and subcortical regions in BD, and may represent the structural basis for emotional dysregulation in BD [7] . A systematic review of 37 neuroimaging studies in 966 individuals at-risk for BD (and 1258 controls), highlighted greater activity in predominantly left-sided cortical and insula regions implicated in emotional regulation in BD atrisk vs healthy individuals, independent of fMRI task [8] ; but there were no significant between-group differences in gray and white matter fronto-temporal regions [8] . Using voxelbased-morphometry (VBM, including tract-based spatial statistics and wholebrain voxel-based morphometry), subsequent studies in BD at-risk individuals reported abnormalities (i.e., reduced [9] and increased [10] FA) in widespread white matter regions. Nonetheless, these findings were not replicated in a subsequent tractography study [11] . Methodological factors, such as sampling differences, use of different neuroimaging protocols/paradigms, rigor of quality control procedures, and power issues are likely to play a role in the discrepancies between studies [8] .
Given that OBP and OCP are likely to have a parent with non-BD psychopathology (parents with BD often have comorbid non-BD disorders [12] , and both groups experience living with an affected relative, both groups are at familial risk for psychopathology in general. Therefore, neural abnormalities in OBP may represent markers of generic risk for psychopathology rather than markers of BD risk. Additionally, non-BD psychopathology is a risk factor for BD in OBP, whereas absence of non-BD psychopathology may represent a protective factor [2, 7] . Thus, while familial risk for BD is greater in OBP than OCP, as highlighted above, OBP with non-BD psychopathology may be at greatest risk of BD, with the risk lower in OBP without non-BD psychopathology. Neuroimaging studies comparing OBP and OCP are thus needed to parse markers of specific risk for BD from those for psychopathology in general. To our knowledge, only one diffusion imaging study included OBP and OCP, but the small sample (n = 7) precluded group comparison [13] . Furthermore, identifying differential patterns of white matter abnormalities in OBP vs OCP (relative to OHP) as a function of non-BD psychopathology can help identify risk vs protective markers of BD by comparing affected vs healthy OBP, and help identify risk vs protective markers of psychopathology in general by comparing affected vs healthy OBP and OCP.
The bipolar offspring study (BIOS) is an ongoing longitudinal study examining the development of psychiatric symptomatology in OBP and OCP. As highlighted above, the latter group controls for presence of non-BD psychopathology in the parent and environmental factors associated with living with a parent with psychiatric illness [14] . The goal of the present neuroimaging study was to: (1) identify diffusion imaging measures associated with risk for BD vs risk for psychopathology in general, by comparing OBP, OCP, and OHP; (2) explore the extent to which these measures are associated with risk for, vs protection against, BD and non-BD psychopathology, by comparing affected and healthy OBP (or OCP) vs OHP.
Use of tract-profile rather than conventional measures (i.e., mean of diffusion imaging properties across the entire tract), allowed us to examine the extent to which putative markers of risk for BD or psychopathology in general were widespread or localized in focal portions (nodes) of a given tract. No previous studies employed such an approach in the study of BD risk.
We hypothesized that: i. Relative to OHP, white matter abnormalities exhibited by all (affected and healthy) OBP and OCP would represent risk markers of psychopathology in general, whereas white matter abnormalities exhibited by all OBP, but not OCP, would represent specific risk markers of BD. Given the inconsistent findings in OBP, we based our hypotheses on findings in individuals with BD [2, 7] . We predicted that white matter abnormalities would be evident in tracts connecting prefrontal and subcortical regions, including forceps minor, cingulum, uncinate fasciculus and the anterior limb of the internal capsule. As no studies directly compared OCP, OBP, and OHP, we could not hypothesize which tracts would distinguish OBP from OCP.
ii. Relative to OHP, white matter abnormalities in healthy, but not affected, OBP and OCP would represent potential protective markers against psychopathology, whereas white matter abnormalities in healthy OBP, but not other at-risk groups (healthy OCP, affected OCP, and affected OBP) would represent potential protective markers against BD. The absence of studies of this nature prevented us from hypothesizing which specific tracts would show such abnormalities.
METHODS

Participants
Seventy-four youth (7-17 years) with no current/history of BD were recruited from BIOS [14] : OBP (n = 38) and OCP (n = 36). Forty-one healthy OHP matched with OBP and OCP on age, gender, handedness, IQ, and education level were recruited from the Longitudinal Assessment of Manic Symptoms (LAMS) study [15] Symptom assessment. Parental psychopathology was ascertained by a trained clinician using the Structural Clinical Interview for DSM-IV (SCID-I) [16] for BIOS youth, and using detailed clinical assessment for LAMS youth. Another trained clinician, blind to parental diagnosis, interviewed parents about their children, and interviewed their children, using the Kiddie Schedule for Affective Disorders and Schizophrenia (KSADS) [17] . All cases were supervised by a child psychiatrist, who was responsible for determining final diagnoses. Inter-rater reliability for the KSADS was >0.8. On the scan day, youth and their parents/guardians completed the child/parent versions of the: Self-Report for Childhood Anxiety Related Emotional Disorders(SCARED-C/P) [18] , Children's Affective Lability Scale(CALS-C/P) [19] , and Mood and Feelings Questionnaire(MFQ-C/P) [20] to assess symptom severity during the 2 weeks preceding the scan. KSADS Mania Rating Scale(K-MRS), Depression Rating Scale(K-DRS) [21] , and Child/Adolescent Symptom Inventory [22] assessed hypo/manic, depressive, and ADHD symptoms up to 6 months preceding the scan.
Data analysis
Neuroimaging. Protocol and preprocessing steps are described in Supplemental Materials. Analysis of 18 major white matter tract tractograms was performed using ExploreDTI (www.exploredti. com) and TRACULA (www.freesurfer.net/fswiki/Tracula) in the FreeSurfer package. The tensor model was fitted to the data to extract FA and other tensor-based measures in each participant. FA represents the degree of fiber coherence (collinearity). Axial and radial diffusivity (AD, RD), which represent water displacement along principal and non-principal diffusion directions, can help interpret FA abnormalities [23] . These measures were extracted from tract-profiles of major white matter tracts using the global probabilistic approach [24] . (Supplemental Materials).
Statistical approach. Demographic, clinical, and diffusion imaging measures were imported into SPSS (version 24) to test main hypotheses. Given effects of age (linear and quadratic effects) [25, 26] and sex [27] on white matter, these variables were covariates in all analyses.
To test our hypotheses, we adopted the following analytic approach. Level-3 analyses: Given the small number of offspring with a (non-BD) diagnosis (Table 1) , we did not include these variables as independent factors in models in level 1 and 2 analyses. Level-3 analyses explored the effect of non-BD psychopathology in OBP (or OCP), by comparing affected OBP (or OCP) vs OHP on FA in each node showing between-group differences in level-2 analyses. Parallel analyses were performed in healthy OBP (or OCP) vs OHP. Very few offspring were medicated (Table 1) , therefore, we did not examine the impact of medication on main findings.
To account for multiple comparisons (all nodes), a false discovery rate (FDR) correction was used (p < 0.05) in all analyses. Specifically, for each model (level 1-3) all nodal uncorrected pvalues were imported into R-studio and an FDR correction was applied using the p.adjust function.
Between-group differences in mean AD and RD were examined in each cluster-region (i.e., diffusivity measures were averaged across all contiguous nodes within the same anatomical region of a given tract) showing a main effect of group on FA, paralleling level 2-3 analyses.
Exploratory analysis. In OBP and OCP, we explored relationships between symptom severity (SCARED-C/P, CALS-C/P, MFQ-C/P, K-MRS, K-DRS, Child/Adolescent Symptom Inventory) as rated by OBP and OCP and their parents and FA in each cluster-region showing a main effect of group in level-1 analyses, using Pearson's correlations with FDR correction for multiple comparisons. The main effect of non-BD psychopathology (yes/no) was also explored, using a multivariate multiple regression analysis.
RESULTS
Demographic and clinical characteristics
There were no significant between-group differences in age, sex ratio, handedness, SES, and IQ. OBP and OCP had significantly more anxiety (SCARED), mood lability (CALS) and affective (MFQ) symptoms than OHP. OBP reported higher levels of manic symptoms than OCP (Table 1) .
Diffusion imaging All reported findings are FDR corrected for multiple comparisons.
Level-1 analyses. After accounting for age (linear and quadratic effects) and sex, multiple (one for each node) ANCOVAs revealed a significant effect of group on FA in the medial section of the forceps minor, in the left hemisphere (F [2, 95] = 7.6; P = 0.020), in the left cingulum bundle (F [2, 95] = 16.7; P = 0.009), the middle portion of the left inferior longitudinal fasciculus (F [2, 95] = 8.6; P = 0.024), the middle portion of the right inferior longitudinal fasciculus (F [2, 95] = 8.2; P = 0.012), the anterior portion of the right uncinate fasciculus, near the anterior temporal pole (F [2, 95] = 9.0; P = 0.004), and the middle portion of the right superior longitudinal fasciculus (F [2, 95] = 8.6; P < 0.001) (Fig. 1 ). There was a trend for a quadratic (inverted U) effect of age in the left anterior thalamic radiation (P < 0.050), right superior longitudinal fasciculus (P < 0.040), and inferior longitudinal fasciculus (left: P < 0.045; right: P < 0.047), but these effects did not survive FDR correction for multiple comparisons. (Fig. 1b, Tables 2, and 3) .
There was no significant difference in FA in any of the above nodes in OBP vs OCP. Affected OBP and affected OCP showed higher FA than OHP in the middle portion of the right inferior longitudinal fasciculus (OBP-vs-OHP; F [1, 44] = 12.2; P = 0.016; OCP-vs-OHP; F [1, 45] = 6.5; P = 0.035) and the anterior portion of the right uncinate fasciculus (OCP-vs-OHP; F [1, 45] = 6.4; P = 0.038; OBP-vs-OHP showed lower FA in this cluster; however, this finding was no longer significant after FDR correction).
There were no significant differences in FA in any of the above nodes in affected OBP vs affected OCP.
AD and RD findings are in Supplemental Materials.
Exploratory analysis. There were no significant relationships between symptom severity and FA in any cluster-region showing All participants completed medication forms that documented psychotropic medications used at the time of the scan. Five OBP (antipsychotics: n = 2, nonstimulants = 2 and stimulants: n = 1) and six OCP (antidepressants: n = 3 and stimulants: n = 3) were taking one class of psychotropic medications, and one OBP was taking a combination (antipsychotic, topiramate and antidepressant) therapy Diffusion imaging markers of bipolar versus general… A Versace et al. . Nodal measures along each tract were derived in native space for each subject using the dmri_pathstats function. This approach allowed us to define tract-profiles for each white matter tract of interest in each subject. To combine these tract-profiles for group-level analyses, nodal diffusivity measures were interpolated at corresponding positions along any given tract, using the trac-all -stat function, as proposed in https://surfer.nmr.mgh.harvard. edu/fswiki /FsTutorial/TraculaStatistics across all subjects. Specifically, tract-profile analysis yielded N = 53 nodes which were common across all subjects in the forceps minor, N = 35 in the left/right anterior thalamic radiation, N = 30 in the left/right cingulum, N = 38 in the left/right inferior longitudinal fasciculus, N = 50 in the left/right arcuate; N = 38 in the left/right superior longitudinal fasciculus; N = 29 in the left/right uncinate fasciculus; N = 58 in the cortico-spinal tract. Nodal diffusivity measures were then extracted and imported in SPSS for level 1-3 analyses, as described in the Methods section. For display purposes, findings (i.e., nodal FDR-corrected p-values) were then saved in text files (one for each analysis) and uploaded in MNI space to represent between group-differences, using freeview (graphical toolbox of TRACULA; asterisks show between group differences). OBP offspring of bipolar parents; OCP offspring of comparison parents; OHP offspring of healthy parents an effect of group in level-1 analyses (eTable-2; all FDR-corrected P > 0.05). Exclusion of parental reports from analyses did not yield any significant findings (eTable-2 footnote). Similarly, there was no effect of non-BD psychopathology (eTable-2).
DISCUSSION
The goal of the present study was to: (1) identify abnormalities in diffusivity measures of white matter tracts implicated in emotional regulation in youth at-risk for BD vs youth at-risk for psychopathology in general; and (2) explore whether these diffusivity measures were associated with risk for, vs protection against, BD and psychopathology in general. In partial support of our primary hypothesis, our findings demonstrate that both OBP and OCP show abnormal collinearity in white matter tracts implicated in emotional regulation: lower FA in predominantly left-sided tracts and higher FA in predominantly right-sided tracts. Specifically, relative to OHP, they showed lower FA in the middle portion of the forceps minor and left cingulum and greater FA in right uncinate fasciculus. Additionally, both OBP and OCP vs OHP showed lower FA in the middle portion of the left inferior longitudinal fasciculus and higher FA in the right inferior longitudinal fasciculus.
FA abnormalities in left-sided white matter tracts implicated in emotional regulation are reported in individuals with different psychiatric disorders. Lower FA in left-sided tracts was reported in a meta-analysis of 37 VBM studies in individuals with different psychiatric disorders (n = 962), including major depressive disorder, BD, social anxiety, obsessive-compulsive disorder and posttraumatic stress disorder [28] . Relative to healthy controls, 
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Statistical details of main findings are described in Table 3 lower FA was observed across all disorders in the forceps minor (left portion), left superior longitudinal fasciculus, left inferior fronto-occipital fasciculus, and left uncinate fasciculus [28] . Using a different (i.e., tractography) approach, no laterality effect regarding FA abnormalities in similar white matter tracts was shown in youth with emotional and behavioral dysregulation disorders [29] . As in most tractography studies, however, this latter study reported mean FA across the entirety of each tract. Such an approach could reduce the sensitivity to detect subtler abnormalities than the VBM approach [28] , and the tract-profile approach used in the present study.
Regardless of the nature of the familial risk and psychopathologic status, all at-risk youth showed lower FA in the left cingulum, relative to OHP. Lower FA in this tract was recently associated with genetic risk for depression in young women with subthreshold symptom severity [30] , suggesting that this abnormality might represent a generic marker of having a parent with a psychiatric disorder, regardless of the diagnostic status of the offspring. The cingulum bundle, connecting medial prefrontal with more posterior parieto-temporal cortical regions, is a major tract of the dorso-limbic pathway, primarily involved in emotional processing and reward [31] . Aberrant left-sided activity in this circuitry was reported in individuals with BD [32] [33] [34] [35] [36] , youth with different emotional and behavioral dysregulation disorders [37] , and distressed young adults with high-trait sensation seeking [38] , suggesting that aberrant connectivity of left-sided circuitry may predispose to emotional and reward processing dysregulation and affective/anxiety-related psychopathology in general.
OBP and OCP also showed lower FA in the middle portion of the left inferior longitudinal fasciculus than OHP. Further analyses revealed that this abnormality was present in healthy and affected OBP and affected OCP. The absence of this abnormality in healthy OCP suggests that lower FA in the left inferior longitudinal fasciculus may represent a specific risk marker for BD as these offspring were potentially the group least at-risk of developing BD after OHP. We reported lower FA in this tract in individuals with major depressive disorder, however [39] . Lower FA in the proximity of the left inferior longitudinal fasciculus, namely inferior fronto-occipital fasciculus, was also reported in a large meta-analysis of VBM studies in adults with emotional disorders [28] . Thus, lower FA in this tract may represent a marker of risk for psychopathology in general. It is possible that the inability to detect lower FA in this tract in healthy OCP reflected insufficient power in level-3 analysis. Future longitudinal studies are needed to clarify the role of this tract in BD vs psychopathology risk in general.
Analyses also revealed greater FA in the middle portion of the right inferior longitudinal fasciculus and, to a lesser extent, in the anterior portion of the right uncinate fasciculus in OBP and OCP relative to OHP. Supplemental analyses revealed an abnormal right > left FA asymmetry in tracts of interest in OBP and OCP (Supplemental Materials). We previously reported greater FA in the right inferior longitudinal fasciculus in a different sample of healthy OBP (relative to OHP). Greater FA in this tract was also reported in another study comparing individuals at-risk for BD relative to healthy individuals [40, 41] . Other studies documented structural abnormalities in right-sided emotional regulation circuitry in BD [42] [43] [44] [45] . Both the uncinate and inferior longitudinal fasciculus are important tracts for emotional processing and regulation [31] . Further studies are needed to determine the role of elevated FA in right-sided emotional regulation tracts in individuals at-risk for BD and those at-risk for psychopathology in general.
OBP, but not OCP, showed lower FA than OHP in the middle portion of the right superior longitudinal fasciculus, suggesting a tract-specific marker of familial risk for BD. A previous report of lower FA in this tract in BD individuals vs their unaffected relatives [11] further suggests that such abnormalities may also represent a marker of BD psychopathology. Our additional analyses revealed; however, that the abnormal reduction in FA in this tract was significant in healthy OBP, but not in affected OBP. Given that affected OBP are at greater risk for BD than healthy OBP [14] and that OCP did not show this abnormality, it is also possible that lower FA in this tract may represent a protective marker against future BD. Nonetheless, direct comparison of OBP and OCP did not yield any significant differences in FA in any white matter tracts. Further studies are needed to clarify the role of the right superior longitudinal fasciculus in BD.
All at-risk youth (vs OHP) showed lower FA in the medial portion of the forceps minor in the left hemisphere but this finding did not survive stringent multiple comparison correction in affected OBP. Nevertheless, in the context of the observed significantly lower AD in the same region of this tract in all four at-risk groups, relative to OHP, the trend-level finding of lower FA in affected OBP may be a marker of risk for psychopathology in general.
Given the age range of offspring in this study, it is important to consider the current findings from a developmental perspective. Lower FA has been associated with higher RD in adults with mood disorders [46] [47] [48] , suggestive of abnormal reorganization of axonal architecture and/or myelin damage in these disorders [49] . The association of lower FA and lower AD, but not higher RD, in the forceps minor, left cingulum and left inferior longitudinal fasciculus in all at-risk groups may reflect lower density (i.e., abnormally reduced number) of collinear fibers, rather than abnormal reorganization of the fibers and/or abnormal myelination in these tracts [49] . This pattern of abnormal FA and AD in the above tracts may thus represent a neurodevelopmental marker of predisposition to psychopathology in general, where abnormally low density of collinear fibers in youth may lead to an abnormal compensatory increase of both collinear and non-collinear fibers over time, leading to the patterns of normal AD and higher RD that are reported in adults with mood disorders ( [46] ). Longitudinal studies are needed to test this hypothesis further.
Certain limitations should be considered. We did not include individual-level genetic risk score in analyses. Larger sample sizes could ensure power in examining the effect of diagnoses, symptom dimensions, and/or medication classes. There was no significant main effect of age or sex, which is inconsistent with studies reporting an inverted U relationship between age and FA in healthy youth and adults [25, 26] . Although there was a quadratic effect of age in several tracts, this trend did not survive FDR correction. This might due, in part, to the larger proportion of older than younger youth (age was skewed to the right) in our sample. We previously reported a lack of a normative relationship between age and diffusivity measures (FA and RD) in healthy OBP relative to OHP [41] . Thus, it is also possible that the trend quadratic effect of age on FA across all groups in the present study may have been influenced by the lack of a normative age by FA relationship in OBP, and perhaps OCP. Longitudinal neuroimaging studies are needed to properly test the age by FA relationship in OBP, OCP, and OHP, and can determine relationships among neuroimaging measures and future clinical outcome in OBP and OCP. This is the first diffusion imaging study to demonstrate important similarities, and some differences, between OBP and OCP. Our findings suggest that lower FA in predominantly leftsided tracts and higher FA in predominantly right-sided tracts implicated in emotional regulation may represent markers of risk for general, rather than BD-specific, psychopathology, in at-risk youth. Conversely, lower FA in the right superior longitudinal fasciculus may represent a protective marker against development of BD in OBP. Elucidating associations between neural markers and longitudinal clinical course in OBP and OCP will help to shed light on objective risk vs protective markers for BD. (2R01 MH73953-06A1, 2R01, MH73816-06A1, 2R01 MH73967-06A1, and  2R01 MH73801-06A1) . These funding agencies were not involved in the design or conduct of the study, the collection, management, analysis, or interpretation of the data, or the preparation, review, or approval of the manuscript. We would like to acknowledge the participants and their families for their contributions to this study.
